A chlorin with an annelated cyclic ketone moiety was synthesized from a tricyclic nickel complex and appropriate pyrrole building blocks. Ketone functionality of the target chlorin allows Beckmann rearrangement to yield chlorin lactams. Lactam moieties on the chlorin represent masked amino acid structures which should allow formation of peptide-like backbones, along which chlorin pigments are arranged. Due to the "natural" chlorin chromophores and the peptide backbone the devices should represent artificial mimetics of natural photosynthesis systems. 
Introduction
The elementary step of photosynthesis in bacteria, algae and, plants consists of a light-induced electron transfer from so-called special pair chlorophylls along a chain of further chlorophyll pigments to quinone acceptors. The so-formed hydroquinone structure provisionally stores two electrons for subsequent biochemical transformations. [1] [2] [3] The process of light induced-electron transfer is accompanied by formation of proton gradients which are used for ATP production. Knowledge of the structure of photosynthetic reaction centres of bacteria and plants originates from crystal structure investigations. [4] [5] [6] [7] Crystal structure investigations revealed not only the spacial orientation but also that of the membrane protein environment in which the chlorophyll pigments are embedded by lipophilic interactions. For studying the complex photophysical/photochemical process of light-induced electron transfer in natural photosynthesis on a level of lower complexity, numerous artificial photosynthesis model systems were designed and synthesized. [8] [9] [10] [11] The majority of those model systems made use of porphyrin pigments; chlorin based systems are less widespread. [12] [13] [14] [15] [16] Chlorin 2 the dihydroporphyrin chromophore of chlorophyll a 1 has different photophysical properties compared to the completely unsaturated porphyrins ( Figure 1 ). The ubiquitous green colour of chlorophylls and the red of porphyrinoid blood pigment heme make this difference palpable. [17] [18] [19] [20] [21] 
Results and Discussion
The tricyclic nickel complex 9 (Scheme 2) which was used for several syntheses of chlorins in our laboratory is also an ideal intermediate for preparation of chlorins with the desired amino acid functionality. [22] [23] [24] [25] [26] [27] [28] The task therefore was to connect 9 with pyrrole ring D building blocks which contain annuleted cycloketone moieties as masked amino acid functions. Pyrroles 3 and 6 were chosen as starting materials for ring D building blocks (Scheme 1). Preparation of 3 and 6 was achieved from cyclohept-4-ene-1-one and isocyanides according a general protocol for pyrrole synthesis developed in our laboratory. 29, 30 Condensation of ring D building pyrroles with nickel tricycle 9 requires aldehyde functions. Therefore pyrrole benzyl ester 3 was subjected to Vilsmeier reaction conditions to yield 4. Debenzylation by catalytic hydrogenolysis and subsequent decarboxylative halogenations gave potential ring D building blocks 5 and 8. Bromide and iodide should function as leaving groups for the final cyclization step forming the chlorin. An alternative route started from cyano pyrrole 6 which yielded ring D building block directly by Vilsmeier formylation. The cyano group acts as leaving group for the final cyclization reaction.
With ring D building blocks in hand, synthesis of chlorin 12 could be achieved (Scheme 2). The sequence started with hydrolysis of the ester group of nickel complex 9 and condensation with ring D pyrrole aldehyde 7. Hydrolysis is facilitated by nickel complexation of the ethyl carboxylate group. Acid induced condensation proceeded with decarboxylation and decomplexation of nickel. The acidic reaction conditions also led to partial hydrolysis of the ketal function. © ARKAT USA, Inc Thus tetracyclic bilin was formed in good yield as mixture of ketone 10a and ketal 10b derivatives. Because keto chlorin 12 was envisaged as the final target, we did not make any attempts to separate ketone and ketal derivatives on a preparative scale. To perform cyclization of bilin 10a,b to chlorins 11a,b the bilin was recomplexed with zinc(II) diacetate. The zinc stabilizes the quite sensitive bilin and, what is more important, it exercises an essential template effect for the cyclization process. 22, 23 Cyclization was initiated by base-induced elimination of HCN from the reduced pyrrole ring with formation of an enamine structure. The enamine attacks as a nucleophile at the cyano-substituted position of pyrrole ring D. Thus a methine bridge between rings A and B is formed with loss of a second HCN fragment. The obtained zinc chlorin 11a,b existed again as mixture of ketone 11a and ketal 11b derivatives.
Treatment of the mixture of chlorin derivatives 11a,b with perchloric acid removes the central zinc(II) and hydrolysed the ketal function to yield single keto chlorin 12 in good overall yield.
With iodo pyrrole aldehyde 8 as ring D building block only negligibly lower overall yields for the entire reaction sequence were achieved, but here reproducibility suffered due to the sensitivity of the bilin intermediates. With bromo pyrrole aldehyde 5, synthesis of bilins/chlorins failed completely.
Using keto chlorin 12 a Beckmann rearrangement for formation of lactam targets was performed (Scheme 3). O-Mesityl sulfonyl hydroxylamine (Tamura reagent) was reported as a reagent that allows very gentle reaction conditions (temperatures around 0 o C) for Beckmann rearrangements. 31, 32 Another advantage of this hydroxylamine derivative could be its sterical strain with possible preferred formation of one constitutional lactam isomer. Indeed, the rearrangement reaction of keto chlorin 12 could be achieved with good yields under very gentle reaction conditions. Analytical HPLC and 1 H NMR spectroscopy revealed that a mixture of constitutionally isomeric lactams 13a and 13b was formed. Though constitutional isomer 13a was slightly preferred (13a:13b = 1.5:1), the observed selectivity cannot be attributed to sterical strain of the Tamura reagent. Possible less favorable orientation of the mesityl residue in the oxime intermediate towards ring A with bulky geminal dimethyl substitution should favor constitutional isomer 13b and not the observed isomer 13a. The constitutions of 13a and 13b were tentatively assigned by 2D-NOESY-and 2D-NOESY-HH-COSY experiments. Assignment was facilitated by the fact that the isomers have different proportions in the mixture.
Conclusions
Condensation of tricyclic nickel complex 9 and cyanopyrrole aldehyde 7 provided a facile synthetic access to ketochlorin 12. Subsequent cyclization of bilin intermediates 10 formed the macrocyclic chlorin in a 48% yield. The desired lactams were obtained by Beckmann rearrangement, also in good yields. Lactams 13a,b as protected amino acid like subunits should open an access to artificial photosynthesis models with a peptide/polyamide backbone.
Experimental Section
General. Starting materials were prepared either according to literature procedures or were purchased from Fluka, Merck, Acros Organics or Sigma Aldrich and used without further purification. All solvents were purified and dried by standard methods. All reactions were carried out under argon. Melting points are not corrected. 3.6 mmol) and DMF (560 µL) under an argon atmosphere. After being stirred for 45 min at 40 o C, aqueous saturated NaOAc (20 mL) was added and stirring was continued for 15 min. After being cooled to rt, the reaction mixture was poured into a separating funnel which contained ice water (30 mL) and it was extracted five times with CH2Cl2 (20 mL each portion). The combined organic layers were dried by filtration through cotton wool and evaporated. The colorless solid was purified through flash chromatography [silica gel (40 g), CH2Cl2/EtOAc 9:1]. After removal of the eluent and crystallization from CHCl3/n-pentane 4 was obtained as colorless crystals (366 mg, 86%). mp 101 °C. TLC(silica gel, CH 2 o C, NaS2O3 was added and the reaction mixture was cooled to rt. The aqueous layer was extracted four times with CH2Cl2 (10 mL each portion). The combined organic extracts were dried by filtration through cotton wool, the solvent evaporated and the residue dried in vacuo of an oil pump. The residue was purified by flash chromatography [silica gel (30 C , aqueous saturated NaOAc (25 mL) was added and stirring was continued for 15 min. After being cooled to rt the reaction mixture was poured into a separating funnel which contained ice water (40 mL) and extracted three times with CH2Cl2 (15 mL each portion). The combined organic layers were dried by filtration through cotton wool and evaporated. DMF residues were removed in vacuo of an oil pump and the (14), 171 (5), 160 (21), 159 (31), 157 (8), 155 (5), 147 (7), 146 (15), 145 (16), 143 (10), 142 (6), 133 (8), 132 (24), 131 (48), 130 (6), 129 (9), 119 (5), 118 (10), 117 (7), 116 (8), 105(17), 104 (23), 103 (8), 102 (7), 99 (5), 97 (7), 91 (12), 90 (6), 89 (6), 88 (5), 87 (61), 86 (7), 86 (14), 84 (20), 83 (6), 78 (8), 77 (21), 76 (6), 73 (11), 71 (10), 69 (10), 67 (6), 65 (12), 64 (7), 63 (6), 57 (18), 56 (6), 55 (19), 53 (9), 52 (7), 51 (9), 51 (11), 49 (33), 47 (5), 46 (15), 44 (18), 44 (20), 43 (20), 42 (18), 40 (15), 29 (8), 29 (5), 27 (12), 17 (17) 20,21,22,23-Tetrahydro-10,11,15,16,21,21,22-heptamethyl-3-oxo-24H-cyclohepta[b]bilin-6,22-dicarbonitrile  (10a) and its [1,3]-dioxolane derivative (10b) . To [Ethyl-(14RS)-(14-cyano-12,13,14,17-tetrahydro-2,3,8,13,13,14-heptamethyl-15H-tripyrrin-1-carboxylato)]nickel(II) (9) (5 mg , 10.5 µmol) in THF (2 mL) was added under stirring a 5 N solution of KOH in MeOH/H2O (9:1) (0.9 mL, 2.8 mmol) and the mixture was heated at 70 o C under an argon atmosphere for 45 min. After being cooled to rt, the mixture was poured with CH2Cl2 (10 mL) into a separating funnel which contained a saturated aqueous NaHCO3 solution (50 mL). The aqueous layer was sufficiently extracted with CH2Cl2, the combined organic extracts were dried by filtration through cotton wool and evaporated in vacuo. To the obtained crude carboxylic acid of 9 was added under an argon atmosphere a solution of cyanopyrrole carbaldehyde 7 (3.9 mg, 16 µmol) in CHCl3 (2 mL). To this solution was added via a syringe a 0.4 N degassed solution of dry p-TsOH in CHCl3 (0.21 mL, 84 µmol). After being refluxed for 10 min and cooled to rt, the reaction mixture was poured with CH2Cl2 (10 mL) into a separating funnel which contained a saturated aqueous NaHCO 3 solution (50 mL). The aqueous layer was extracted five times with CH2Cl2 (10 mL each portion) and the combined organic extracts were dried by filtration through cotton wool and evaporated in vacuo. The residue was purified by chromatography [Alox N (30 g), activity II-III, CH2Cl2/MeOH 97:3] to yield a mixture of deep blue bilins 10a,b (4.4 mg 72%, yield is calculated for ketal 10b which predominates in the mixture). Due to instability of bilins the crude mixture was used for the next synthesis step without an extensive characterization. TLC (silica gel, CH 2 {9,10-Dihydro-9,9,14,15,19,20-hexamethyl-3-oxo-24H,26H-cyclohepta[b]porphyrinato}zinc(II) (11a) and its  [1,3]-dioxolane derivative (11b) . Bilin mixture 11a,b (4.4 mg, 7.6 µmol) was transferred with CH2Cl2 (ca. 2 mL) into a glass ampule. After CH2Cl2 was removed in a stream of argon, Zn(OAc)2 (12 mg, 52.5 µmol, 7 equiv.), sulfolane (1 mL) and 1,8-diazabicyclo [5.4 .0]-undec-7-ene (DBU) (452 µL, 3.02 mmol) were added. The mixture was carefully degassed in vacuo of an oil pump and the ampule sealed by melting off. The reaction mixture was heated at 145 o C for 14 h. After being cooled to rt, the ampule was cautiously opened and, the mixture was poured with CH2Cl2 (10 mL) into a separating funnel. The organic layer was washed three times with brine (15 mL each portion). The combined brine layers were re-extracted with CH2Cl2 (10 mL). The combined organic extracts were dried by filtration through cotton wool and evaporated in vacuo. To chlorin ketal 11b together with 11a (2 mg, 3.4 µmol) in CH3CN was added perchloric acid (0.22 µL, 70%) and water (10 µL). The mixture was treated for 15 min at rt under an argon atmosphere in an ultrasonic bath. The reaction mixture was poured with CH2Cl2 into a separating funnel which contained aqueous, saturated NaHCO3 (10 mL). After being exhaustively extracted with CH2Cl2, combined organic layers were dried by filtration through cotton wool and evaporated. The green solid was purified by flash chromatography [silica gel (10 g), CH2Cl2/EtOAc, 1% NEt3]. Crystallization from CHCl3/n-pentane gave 12 as dark green microcrystals (1.6 mg, 97% Dihydro-10,10,15,16,20,21-hexamethyl-25H,27H-3-azacycloocta[b]porphin-4-on (13a) and 10,11,-dihydro-10,10,15,16,20,21-25H,27H-4-azabicycloocta[b]porphin-3-on (13b) . To a solution of chlorin ketone (12) (1 mg, 2.1 µmol) in CH2Cl2 (1mL) was added a solution of O-mesityl sulfonyl hydroxylamine (0.8 mg, 3.7 µmol) in CH2Cl2 (1 mL) at 0 o C under an argon atmosphere. After being treated in an ultrasonic bath for 30 min at rt, the solvent was completely evaporated. The residue was re-dissolved in benzene (1 mL) under treatment in an ultrasonic bath and a suspension of Alox Super I basic in MeOH (0.1 mL) was added. After being stirred for 3 h at rt, the suspension was filtered through a glass frit and the solvent evaporated. 
